ABSTRACT From an original prospective cohort of 244 current and ex-workers in two asbestos cement plants, longitudinal radiographic data covering ten years were available for 165 and lung function data covering about six years for 150. Estimates of average and cumulative dust exposure were available for each participant, all men. Radiographic progression (onset or worsening) was assessed by comparing earliest and latest films side by side. Annual changes in lung function were computed by fitting regression lines to all the data points. Small opacities (ILO category 1/0 or higher) were found in 16% of initial films, and progression of small opacities occurred in 13% of film pairs. Average and cumulative dust exposure were each significant determinants of the initial presence of small opacities, and were determinants of the progression of both parenchymal and pleural abnormalities. There was greater likelihood of progression if an abnormality was initially present, and a greater likelihood ofprogression in the plant that had systematic use of some crocidolite. Initial levels of lung function were related to smoking, exposure to dust, and initial radiographic status. Mean annual declines in lung function were modest (FVC -0-017 l/y, FEV, -0-020 l/y) and were related to smoking but not exposure to dust, initial radiographic status, or radiographic progression. Both plants used mainly chrysotile asbestos and exposure levels declined severalfold after 1960. Our findings suggest a waning effect of the larger remote dust exposures on recent annual change in lung function. This accords with human and experimental pathology data showing the relatively low resistance of chrysotile fibres to chemical alteration and clearance.
Asbestosis and asbestos induced pleural thickening and calcification share several characteristics. By definition, they are caused by exposures to asbestos (usually, occupational), and they are normally diagnosed with a chest radiograph. They each show exposure radiographic response relations, although they have different slopes and different prevalences. With the exception of organisation after asbestos pleural effusion,' they have long latent periods between first exposure and detectable manifestations. Each is chronic and tends to progress, even after exposure has ceased. Since the late onsets and subsequent worsenings both reflect gradual advance of Accepted 18 January 1988 tissue changes, the term progression is hereafter used to mean both onsets ("attacks") and worsenings.
Rates of radiographic progression may be determined from serial films and their functional concomitants from repeated lung function tests. Accumulated knowledge of the risk and course of progression is applied to prognosis, and this in turn influences both the medical approach to individuals and the societal response to such problems as compensation.
The purpose of this study was to learn the determinants and lung function effects of radiographic progression. The cohort reported here consisted of older men with individually estimated asbestos exposures, and was examined prospectively for longitudinal radiographic progression and change in lung function.
Study population and methods
The subjects had participated in two previous studies. A brief review of each provides the context for the present methods and results. CROSS SECTIONAL SURVEY, 197023 In 1969 and 1970 cross sectional observations of exposures to dust and respiratory health in asbestos cement (AC) manufacturing workers were carried out in New Orleans. The participants were current and recently retired or laid off workers at two local AC products plants. The study population included 859 men with satisfactory pulmonary function tests, or 91 % of those eligible. Dust exposure levels were estimated-from existing air sampling data, supplemented by knowledge of production process and formulation changes, and by judgments of relative dustiness of outmoded processes by older workers. Measurements had been obtained with the midget impinger, yielding particle counts expressed in millions of particles per cubic foot of air (mppcf). Units of cumulative exposure were mppcf times years (mppcf-y). A questionnaire was used to ascertain symptoms and smoking history. Frontal and oblique chest radiographs were obtained, but only the frontal projection was classified according to the ILO U/C 1971 classification. 4 Lung function tests included spirometry, lung volumes, single breath diffusing capacity, and expired volumes and oxygen uptakes at two levels of submaximal exercise. LONGITUDINAL COHORT, 1970-65 In 1973 a cohort was constituted ofmen then available for examination who had been 44-59 at the time of the cross sectional study. There were 244 such men, with means for age = 51, duration of exposure = 21-3 years, and average exposure = 12-8 mppcf. In PRESENT STUDY: LONGITUDINAL COHORT, 1970-80 In the 1980 round of examinations 167 of the original 244 were examined. Satisfactory film pairs from the Jones, Diem, Hughes, Hammad, Glindmeyer, Weill first and latest examinations were available for 165 and serial spirometric data existed for 150.
By the end of the 1980 round, some of the cohort who were still employed had accumulated as many as 11 years of further dust exposure. More dust measurements also became available, some made in the interval since 1970 and some earlier measurements discovered after the cross sectional study. These circumstances led to a revision of past exposure estimates for most jobs and to an addition of interval exposures to the cumulative dose estimates of those who had continued to work in the plants into the 1970s.
Radiographic examination and lung function testing were done as in the 1973 and 1976 rounds of the study. The film pairs (earliest and latest frontal radiographs of each man) were thoroughly shuffled, making sure that no pair members were near each other in the series. Three experienced readers, working independently and without knowledge of exposure, classified the films according to the ILO 1980 classification for the assessment of baseline status, and initial and final abnormality prevalences.8 The pairs were then reconstituted and read side by side for progression, still without exposure data. Baseline radiographic status for small opacities was taken as the median of the readers' profusion scores, and for presence of pleural thickening or calcification as the majority judgment. Each reader scored progression on a seven point scale: definite, probable, and possible progression were respectively scored 1, 2, and 3; no change was scored 4; and possible, probable, and definite regression were respectively scored 5, 6, and 7. Pairs were excluded if any reader thought that technical deficiencies made it impossible to assess change. Separate progression judgments were made for pneumoconiotic small opacities, pleural thickening, and pleural calcification. A pair was counted as showing progression of an abnormality if its mean progression score was less than 3.
The distribution of exposures was examined to select scales for use in the subsequent analyses. Natural log transformation was found to produce symmetrical distribution of average exposure and square root transformation did the same for cumulative exposures, so these transformed values were selected.
Baseline Analysis of radiographic results showed that 32% had some relevant abnormality. Pneumoconiotic small opacities alone, of profusion grade 1/0 or higher, were found in 8%, pleural abnormalities alone were found in 15%, and 9% had both. The prevalences of irregular, rounded, and both types of small opacities were significantly related to cumulative dust exposure. Statistically significant inverse relations were found between cumulative dust exposure and TLC, VC, FVC, FEV, and FEF2>75. Significant dose response relations for each of these tests persisted when only subjects with normal radiographs were considered. In Table 1 Comparison of "survivors" and "dropouts" Observed Table 3 shows the initial and final distributions by category of radiographic abnormality, derived from the random order readings. These provide some indication of mean progression but do not reflect instances of progression within the same ILO category of small opacity profusion or pleural abnormality extent. Table 4 shows the results of logistic regression analysis for first order relations of potential explanatory variables with abnormalities Jones, Diem, Hughes, Hammad, Glindmeyer, Weill Progressidn ofasbestos effects progression of small opacities, 13 of those also showing progression of pleural abnormality.
As a preliminary to analysis for determinants of progression, first order relations with potential explanatory variables were examined. For progression of small opacities, statistically significant (p < = 0 05) relations were observed for plant, transformed average and cumulative exposures, and presence of small opacities on initial film; and a marginally significant (0.05 < p < 0 10) relation was observed for pack-years of cigarette smoking. For progression of pleural abnormality, there were significant first order relations to transformed average and cumulative exposures, and to presence of pleural abnormality on initial film; and there were marginally significant relations to plant, pack-years, current versus never cigarette smoking, duration of exposure, and time from first exposure to first film. Probabilities of small opacity or pleural progression were greater in the same plant, plant 2. Concerning duration of exposure and time from first exposure to 1970, these variables are so highly correlated (r = 098) as to be inextricably confounded.
The determinants of progression of parenchymal and pleural abnormality were identified through multivariate analysis. Parallel analyses were carried out by building separate models around the other significant variables and cumulative exposure, then average exposure. The cumulative exposure models were also tested by substitution of combinations of duration and average exposure measures to test for effects ofthese components. In the end identical results were provided by the average and cumulative exposure models, and both variables are equally explanatory of progression. The cause of this is found in the relatively narrow range of exposure durations produced by the inclusion criterion of age 44 to 59 in 1970. Most of these men had been hired in the building boom after the second world war, and there had been relative stability in the workforce through the subsequent 20 years. This feature of the cohort may explain the failure to detect independent effects of duration of exposure and time since first exposure on progression-especially progression of pleural abnormality, for which there is evidence from other studies of the importance of time. Table 6 shows the results ofmultivariate analysis for determinants of progression of small opacities. Of the variables found to have significant or marginal first order relations to progression, smoking proved to have no significance after control for other variables. The significant variables were dust exposure in interaction with initial radiographic status, and plant. There was a significant dust exposure progression relation for those with initial parenchymal abnormality but not for those without. There was a higher probability of progression in plant 2 workers.
A model with four potential exposure progression relations was also fitted to the data, one for each combination of initial film abnormality (present or absent) and plant (1 or 2), all having the same value when cumulative exposure = 0. There was no significant difference in exposure progression relations between plants for either category of initial profusion, meaning that the coefficients ofexposure in the models were the same for the two plants. The coefficient of plant, however, was statistically significant, indicating the higher probability of progression in plant 2 workers. From this and the simpler model, it appears that plant differences are manifested by a difference in position on the logit scale rather than a difference in exposure coefficients. Table 6 also shows the analysis for progression of pleural abnormality. Smoking (pack-years) was not a significant determinant of pleural progression. The significant determinants were dust exposure in interaction with initial pleural radiographic abnormality, and plant in interaction with initial pleural abnormality. The model incorporating combinations of plant and presence/absence of initial pleural abnormality gave different results from the corresponding one for small opacity progression. Three combinations had significant relations and the fourth was marginally significant. In those with initial pleural abnormality (table 7) . The other is to ignore initial test level, which avoids inadvertent adjustment for effects ofpast exposures. Both methods were tried, and gave the same results in identifying significant determinants of annual change. Table 8 shows the results of multiple linear regression analysis, testing for significant effects of other potential determinants while ignoring initial levels of lung function. The most notable result is the failure to find significant effects of any (continuous) exposure variable, or of initial radiographic status or progression, on any lung function test. The apparent exception, a putative effect of progression of pleural thickening on TLC and RV, is in reality an isolated effect on RV (the progressors' mean RV declining 34 ml/y faster and their mean TLC 36 ml/y faster than the non-progressors). There is no significant effect of pleural progression on FVC, a finding which casts serious doubt on the biological significance of the observed relation.
As expected, smoking was a significant determinant of declines in spirometric tests and increases in lung volumes, its lack of statistically significant effect on FEF21.75 probably reflecting the greater variability in that test. Plant was associated with larger declines in both spirometric tests and lung volumes. No explanatory variable was related to decline of DLCO or DLCO/alveolar volume. There are contradictory reports on the significance of smoking on radiographic findings in asbestos exposed groups.-""'719' The present study shows positive relations between pack-years and the likelihoods of having lung and pleural abnormalities on the initial film but no significant effect of smoking on progression.
There was no significant interaction between exposure to asbestos and age or race on the prevalence or progression of radiographic abnormalities. The higher prevalences of lung and pleural abnormality at one plant (plant 2) may reflect unmeasured differences in exposure levels. There was, however, a systematic use of crocidolite in the pipe production area of plant 2, although chrysotile was the primary fibre in both plants. In Because both exposure and radiographic progres-103 sion were found to have effects on lung function annual change in the 1970-6 follow up of this cohort, the discordance with current results might arise from attrition. Nevertheless, although the number followed up for radiographic change decreased from 195 to 165, the number with two satisfactory spirometric tests decreased only from 151 to 150 (a result of having three, instead of two, opportunities to produce two satisfactory tests). Nor did the revision and updating of exposure estimates obscure the relations between exposure and either radiographic prevalences or risks of progression. The lengthening period of radiographic follow up, however, resulted in higher percentages of progressors. Although the risk of progression is significantly related to presence of the abnormality on the initial film, increasing duration of follow up must necessarily add instances of progression from normal to abnormal-that is, "attacks"-and between low levels of abnormality, particularly low categories of small opacities. There is a recognised effect of smoking on the prevalence of irregular small opacities in populations with and without exposures to asbestos.2' Since smoking is not a cause of high grades of pulmonary fibrosis, its potential for producing radiographic confounding is likely to be greatest at low profusion levels. Multivariate analysis involves controlling for smoking, then testing for effects of exposure or radiographic status per se on the residual variability in lung function. Ifthe initial group of progressors is increased by the addition of those whose radiographs reflect mainly smoking, the expected result would be a decline in the power to detect lung function influences of the other variables.
These results may also reflect the biological behaviour of large chrysotile asbestos tissue burdens acquired in the distant past. Exposure levels in these plants have declined since the 1940s and 1950s,22 when the cohort acquired most ofits cumulative exposure. If retained fibres were cleared only to a slight extent, and kept their fibrogenic potency, their effects on lung function should be found in both the initial cross sectional measurements and throughout the longitudinal follow up. The contrary finding suggests substantial long term clearance, or loss of potency, or both. Support for both mechanisms is found in reports on experimental asbestosis, showing that chrysotile fibres are chemically altered232' and cleared more rapidly than amphibole fibres, even within the relatively short lifetimes of laboratory rodents. Still more support comes from postmortem studies of chrysotile miners2' and asbestos cement manufacturing workers,26 whose lungs eventually contain predominantly amphibole fibres, despite occupational exposures mainly to chrysotile. Thus the fibrogenic effects ofa dose ofchrysotile obtained mostly between 104 40 and 20 years ago may now be largely spent. Ifthis is so each succeeding year should show a reduction in the abnormal rates of decline attributable to exposure, which had produced the initial significant cross sectional relations between lung function level and both cumulative exposure and radiographic status. The results of the present study do not directly show changes in the annual rates of decline, but are consistent with slowing of these rates.
Regardless of the operative mechanisms, these results provide useful new information on the prognosis of asbestosis, as it is currently being diagnosed. The disorder, at low levels of radiographic abnormality, has a low likelihood of both radiographic and functional worsening in a ten year period.
Unfortunately, there are no closely comparable data on progression of asbestosis. Siracusa et al reported larger seven year declines in FVC and FEV, in 65 asbestos cement workers than in 30 controls exposed to polyvinyl chloride." An abnormally large mean rate of annual decline was found in those workers exposed to asbestos for longer than 15 years. No radiographic data were given and the two rounds of the study had been conducted by different teams of investigators. Ohlson et al reported a four year, two point study of 75 former asbestos cement workers, beginning when exposure ended because the plant closed.28 None of the subjects had or subsequently developed asbestosis. By comparison with 56 workers from other industries, the subjects had larger annual declines in FVC and FEV,, and there was a significant trend of increasing decline in FEV, with higher fibre exposure category. The magnitude of declines must be questioned, however, because of changes in spirometers and calibration during the study, and because of implausibly high mean declines of the controls.
Older studies have included subjects with the various radiographic abnormalities, but were retrospective,'0 12 or used disability claimants.2"0 As exposure to asbestos continues to decline, retrospective cohort studies will be even less applicable to current experience. And as diagnosis continues to encompass minimally affected individuals, recently diagnosed asbestosis will less and less resemble the disease severity shown in past series of patients or disability claimants.
Whereas the lung function rates of annual change observed in this cohort would not be expected from a reading ofreports, the reasons probably lie in both the declining effects of remote exposure to asbestos and in the study design. The prospective and exposure defined characteristics of the study minimise the depiction of past examples of the conditions to which retrospective cohorts are subject and avoid entirely the clinical bias of patient or compensation based Jones, Diem, Hughes, Hammad, Glindmeyer, Weill cohorts. Accordingly, these results should be considered in formulating prognoses in currently diagnosed cases of asbestos related fibrosis-until future studies of this type expand and refine our understanding of progression. 
